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INVESTIGATION OF EIGHT- STAGE BLEED- TYPE TURBINE FOR HYDROGEN- 
PROPELLED NUCLEAR ROCKET APPLICATIONS 
I - DESIGN OF TURBINE AND EXPERIMENTAL PERFORMANCE 
OF FIRST TWO STAGES* 
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SUMMARY 


Performance characteristics of the first two stages of an eight- 
stage turbine designed for the turbopump of a hydrogen-propelled nuclear 
rocket were investigated experimentally in cold hydrogen and in cold ni- 
trogen. The turbine was designed for a blade- jet’ speed ratio of 0.110 
and subsonic flow throughout. First-stage total efficiency when oper- 
ating alone at the design blade- jet speed ratio of 0.284 was 0.67. Two- 
stage total efficiency at the design blade- jet speed ratio of 0.203 was 
0.65 with 0.68 in the first stage and 0.61 in the second. The difference 
in stage efficiency resulted largely from lower reaction in the second 
stator. 


No significant difference was found between efficiencies obtained in 
hydrogen and those obtained in nitrogen. 


INTRODUCTION 

A hydrogen-propelled rocket with a nuclear reactor heat source offers 
very high specific impulse and, consequently, low ratios of gross weight 
to payload for given missions. One turbopump system considered to provide 
the high pressures required for the thrust chamber of such a rocket is the 
bleed system, which utilizes a small fraction of the propellant flow to 
power the turbine. An analysis of turbopump characteristics for this sys- 
tem has been made and is reported in reference 1. This reference shows 
that the turbine will have a low blade-jet speed ratio because of the 
high-energy content of the pure hot hydrogen relative to the blade speeds 
available, which are limited by stress and temperature conditions. The 
blade-jet speed ratios associated with this application are in the neigh- 
borhood of 0. 1. This means that large numbers of stages are required in 
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order to obtain high turbine efficiency. In addition, the specific work 
required to pump liquid hydrogen is far higher than that for any other 
propellant because of the low density, so that high bleed rates, 2 to 4 
percent, result. High turbine efficiency is therefore especially impor- 
tant to minimize bleed flow and the attendant loss in net specific 
impulse. 

Detailed information on the performance of multistage turbines of 
this type is required to insure proper area matching of the blade rows so 
that all stages can deliver design work before limitations due to choking 
in the latter stages prevent adequate blade loading in the early stages. 
The most uncertain areas of information are the losses associated with 
the low blade heights in the early stages, leakage 'in the interstage 
seals, and their compounding effects on overall turbine performance. 

In order to explore these problems, an eight- stage turbine with a 
blade- jet speed ratio of 0.11 was designed to drive a hydrogen pump with 
a flow rate of 100 pounds per second and a pressure rise of 1390 pounds 
per square inch. The turbine has been built; and the first two stages 
were tested in cold hydrogen and in cold nitrogen, in order to evaluate 
the effect of gas properties, at the Plumbrook Rocket Systems Research 
Facility. 

This report presents the design of the eight-stage turbine and ex- 
perimental performance of the first stage and the first two stages over 
a range of pressure ratios and speeds. Two- stage tests included two 
interstage seal geometries. 


SYMBOLS 

A ann turbine-exit annular area, sq ft 
c blade chord, in. 

Cp specific heat at constant pressure, Btu/(lb)(°R) 

v i 

Dp blade pressure-surface diffusion, 1 - 

v min 

V max 

D~ blade suet ion- surface diffusion, 1 - 

s V e 

D-tot D s + Dp 

g acceleration due to gravity, 32-17 ft/sec^ 
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turbine specific work; Btu/lb 

mechanical equivalent of work, 778.2 ft-lb/Btu 

passage height, in. 

rotative speed, rpm 

number of blades in row 

pressure, Tb/sq ft 

gas constant, 766.5 in hydrogen, 55.16 in nitrogen, ft-lb/(lb) (°R) 

untapered centrifugal stress, psi 

blade spacing, in. 

temperature, °R 

mean blade velocity, ft /sec 

absolute gas velocity, ft/sec 

critical velocity, ^ 1^X0^ ft /sec 

1 r + i 


ideal jet speed corresponding to total- to- static pressure ratio. 




2gJcpTj 


1 - I — 


(?) 


r-i 

r 


gas velocity relative to rotor blade, ft /sec 
critical velocity relative to blade, ^ /^IfgRT ^ ft/sec 

f r + 1 


weight flow, lb/sec 

absolute gas flow angle measured from axial direction, deg 
relative gas flow angle measured from axial direction, deg 
ratio of specific heats 
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ratio of inlet pressure to NACA sea-level pressure, p i /2116.2 

function of T used in relating weight flow to that at 
NACA standard atmosphere conditions, 

T 

k r-i 

I f T -h L 

0. 
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cr 


turbine efficiency based on inlet and exit total pressures 
pump efficiency 

turbine efficiency based on inlet total and exit static pressures 
squared ratio of turbine-inlet critical velocity to that of NACA 


m 


standard sea- level atmosphere, 

blade- jet speed ratio, u/Vj 
blade metal density, lb/cu ft 


Y 

l 1019 I 


Subscripts: 


e 

exit 

eq 

equivalent 

i 

inlet 

id 

ideal 

max 

maximum 

min 

minimum 

r 

rotor 

u 

circumferential component 

X 

axial component 
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Superscripts: 

1 absolute total state 

" relative total state 


EIGHT- STAGE TURBINE DESIGN 
Selection of a Design Point 

The selection of a turbine design point requires examination of the 
effect of the turbine design on the rocket. The turbine in a bleed sys- 
tem influences the rocket gross weight through its weight as part of the 
structure and through its working fluid requirement that reduces the 
quantity of fluid available to develop thrust in the rocket chamber and 
nozzle. These effects are discussed in reference 1 for a simple vertical 
mission determined to be equivalent to an earth satellite mission regard- 
ing rocket requirements. This reference reported results of an analytical 
investigation of" bleed- type turbopump systems suitable for a high-pressure 
hydrogen-propelled nuclear rocket, and showed that rocket gross weight 
increased significantly with all turbopump systems investigated as the 
number of turbine stages was reduced below eight. An eight- stage design 
was therefore selected for the turbine of the subject invest igation, and 
the following pump characteristics were assumed to determine the turbine 
power and speed requirements: 


Pump type axial flow 

Rotative speed, N, rpm 47, 800 

Weight flow, w, lb/sec 100 

Pressure rise, lb/sq in 1390 

Efficiency, 0. 7 


The turbine was therefore required to produce 11, 770 horsepower at 
47,800 rpm. High values of turbine-inlet pressure and temperature, 1000 
pounds per square inch and 1860° R, respectively, were selected to obtain 
a high value of turbine specific work. The turbine-exit area was deter- 
mined as the maximum allowable from stress consideration for the same 
reason and corresponds to an untapered blade stress of 40,000 psi and a 
disk stress of 70, 000 psi. With these inlet conditions and the maximum 
exit flow area, the eight- stage turbine design numbers are as follows: 
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Hydrogen weight flow, w, lb/sec 3.475 

Specific work, Ah', Btu/lb 2394 

Mean "blade speed, U, ft/sec 1420 

Blade- jet speed ratio, v 0.110 

Static efficiency, tj s t 0. 72 

Total-to-static pressure ratio, Pi/p e 12.68 

Mean diameter, in 6.81 


The relation Between work, speed, stage number, and turbine efficiency 
was taken from reference 2. 
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Velocity Diagrams 

Velocity diagrams were computed for the mean diameter only, and the 
blades in all rows were made with constant profile from hub to tip. The 
calculation of the velocity diagrams required specification of work divi- 
sion among the stages, loss distribution in each stage, reaction across 
the rotors, and flow area distribution. Work was divided equally among 
the stages with a constant mean diameter. This results in a constant 
blade speed and nearly constant blade- jet speed ratio so that stage 
efficiencies should be about equal. A stage total efficiency of 0.69, 
corresponding to the overall total-to-static efficiency of 0. 72, was 
computed. The first stator operates under conditions that are somewhat 
different from the other stators in that the inlet velocity is low with 
no whirl. It was assumed that the effect of this difference would be 
small, however, so the first-stage efficiency and pressure-loss design 
numbers were made the same as in all other stages. This value was used 
as the stage efficiency in computing the velocity diagrams. It was arbi- 
trarily specified that each stator would take a 4-percent drop in total 
pressure and that all other stage losses occurred in the rotor. 


The turbine was designed for some reaction across each rotor. This 
was done by specifying a 20-percent increase in relative circumferential 
velocity across the rotor, or 


U = -1 9 W 

u, re ±9 c u, n 


Turbine flow area at the exit was determined from centrifugal stress con- 
siderations as noted previously and corresponds to an untapered centrif- 
ugal blade stress of 40,000 psi. The following relation was used: 


S c = 


Jtp 


m 


n 2 a 


ann 


259, 200g 


The area in the first stage was determined by specifying a stator-exit 
flow angle 0,3 of 75°. This angle was considered near the maximum al- 
lowable without incurring excess losses and resulted in the maximum blade 
height permissible with full admission. The stage-to- stage area variation 
was made so that the axial critical velocity ratio V x /V cr "the stator 

exit increased linearly with stage number. This area increase was taken 
entirely in the stator of each stage, with the inner and outer walls 
contoured as shown in figure 1, The velocity diagram values are shown in 
table I. 


Blade Profiles 

Blade inlet and exit angles for each blade row were calculated from 
the free-stream flow angles and selected blade leading- and trailing- 
edge thicknesses. This was done by assuming no change in tangential 
velocity or loss in total pressure between the free stream and a radial 
plane just inside the blade row. With the angles thus established, 
blade profiles were drawn with straight suction surfaces upstream of the 
inlet opening and downstream of ~ the throat. Solidity and aspect ratio 
were estimated with information presented in reference 3. Blade surface 
velocities were then computed for the suction and pressure surfaces of the 
hub, mean, and tip sections according to the method presented in reference 
4 and modified in reference 5. A limit of suction- surface diffusion D g 
was set at 0.25 with a total diffusion of 0.65. When calculated 

diffusion values exceeded the limits in the first blade surface layout, 
subsequent trials were made with increased solidity and/or modified sur- 
face curvatures. An example of a final surface velocity distribution is 
given in figure 2, which shows critical velocity ratio against axial dis- 
tance for the mean section of the fourth rotor. Final blade geometry 
numbers and surface coordinates are given in tables II and III, and a 
photograph of the eight- stage rotor is shown in figure 3. 


Tip Clearance and Interstage Seals 

The rotor tip clearance specified was 0.019 inch and was considered 
the minimum that would provide safe clearance at the high- temperature - 
high-speed design operation. It may be noted that the tip clearance of 
0. 019 amounts to more than 7 percent of the total passage height in the 
first stage. Reference 6 presents the effect of rotor tip clearance on 
performance of a single-stage turbine similar in size and blade-jet speed 
ratio. In that investigation turbine work was found to decrease linearly 
with increases in tip clearance in the 3 to 10 percent range. The rate 
of decrease was 1.8 percent of turbine work for 1.0 percent of passage 
height removed for tip clearance. This indicates a significant penalty 
in efficiency for the type of tip clearance geometry selected in this 
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design. An axial spacing of 0.050 inch between rotor and adjacent stator 
parts was determined from consideration of hearing clearances and differ- 
ential thermal expansion between the rotating and stationary parts. 

The interstage seal geometry selected consisted of rotating laby- 
rinth disks mounted between rotor disks with a radial clearance of 0.003 
to 0.004 between the rings of the seal and the inner diameter of the 
stator assembly. This is shown in figure 1. The inner surface of the 
stators was coated with aluminum oxide so that, if rubbing occurred be- 
cause of stress, temperature, or eccentricity, the aluminum oxide coating 
would remove stock from the labyrinth rings, which were 0. 010 inch thick. 
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FIRST- AND TWO- STAGE DESIGN PARAMETERS 

The design parameters for the first stage and the first two stages 
operating together are listed in the following table. Weight flow and 
rotative speed, of course, are the same as for the complete turbine, 
while the other parameters shown depend on stage number. 


Parameter 

First stage 

First 

two stages 

Hydrogen weight flow, w, lb/sec 

3.475 

3.475 

Specific work, Ah', Btu/lb 

299.25 

598.50 

Rotative speed, N, rpm 

47, 800 

47, 800 

Pressure ratio, P^/P e 

1. 323 

1.722 

Blade-jet speed ratio, v 

0. 284 

0.208 

Total efficiency, t) 

0. 689 

0.695 


The design turbine-inlet conditions of 1000 pounds per square inch 
gage and 1860° R in hydrogen result in the following parameters used to 
adjust design numbers to equivalent air: 

0 CT = 51.22 5 = 68.05 

= 7.157 e = 1.012 

The relation used to determine equivalent pressure ratio is taken 
from reference 7 and is as follows: 
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The constants are functions of y* in standard air. 

As noted in SYMBOLS, these parameters are referenced to NACA stand- 
ard sea-level dry air. They were selected so that all experimental data 
could he reduced to a common standard regardless of gas or inlet gas 
conditions. Design parameters reduced to standard air are as follows: 


Parameter 

First stage 

First 

two stages 

Weight flow. — 'Sl.S. r e, Ib/sec 
& 

0.370 

0.370 

Specific work, Ah'/0 cr , Btu/lb 

5.84 

11.68 

Rotative speed, N/-^0 cr , rpm 

6679 

6679 

Pressure ratio, (p./p ) 

r e eq 

1. 326 

1.730 

Blade- jet speed ratio, v 

0.284 

0. 208 

Total efficiency, tj 

0.689 

0. 695 


The numbers listed correspond to design-point testing in standard 
air and are equivalent to the actual design numbers in that internal 
critical velocity ratios and corresponding velocity diagram angles are 
approximately the same. It is assumed that efficiency is therefore also 
the same. 


APPARATUS AND OTSTRUMENTATION 

The test facility used in the experimental investigation was the 
same as that described in reference 8 and consisted of an inlet ducting 
system with pressure controls, the turbine test section, and exit ducting 
that exhausted to the atmosphere through a pressure control system. 

Power was absorbed by an eddy-current cradled dynamometer that also 
served as a speed control. Figure 4(a) shows the physical arrangement of 
these parts in the test building, and figure 4(b) shows the three turbine 
configurations tested. The second and third configurations had seal 
diameters of 6.000 and 4.032 inches, respectively, with the same clearance. 
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The smaller seal was built for two- stage testing only, in order to inves- 
tigate the effect of seal clearance area. 

Turbine performance was determined from measurements of weight flow, 
speed, torque, inlet and exit static pressures, and inlet temperature. 

The details of these measurements are the same as described in reference 

8 . 


EXPERIMENTAL PROCEDURE 

Test data were recorded on magnetic tape during steady- state oper- 
ation over a range of pressure ratios and rotative speeds. Turbine- 
inlet pressure was held nominally constant at 100 pounds per square inch 
absolute, and inlet temperature varied from 25° to 90° F depending on 
outside temperature and expansion within the gas storage vessels during 
a run. Inlet-total-to-exit-static pressure ratio was varied from 1.21 
to 2.12 for first-stage operation and 1.25 to 3.75 for two-stage opera- 
tion. Rotative speed was varied from 20 to 120 percent of design speed 
for operation in nitrogen and from 20 to 100 percent in hydrogen, in 
increments of 20 percent. The mechanical speeds, calculated for a 
turbine-inlet temperature of 52° F, corresponding to design equivalent 
speed were 6830 rpm in nitrogen and 25,457 rpm in hydrogen. 

A larger number of operating points was recorded for operation in 
nitrogen than in hydrogen because of the difference in gas properties and 
the limited gas supplies available. With a given volume of gas supply 
and given values of turbine- inlet pressure and temperature, running time 
varies inversely with the square root of the gas constant. This means 
almost four times as much running time in nitrogen for each storage 
vessel. 

Six test runs were made to obtain the data presented in this report, 
with three configurations tested in both gases. The three were: 

(1) The first stage 

(2) The first and second stages with the design seal geometry 

(3) The first and second stages with a reduced seal diameter and 

the same seal clearance 
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RESULTS AM) DISCUSSION 

* * * 

. -First-Stage Operation 


The first stage was tested at five pressure ratios and speeds from 
20 to 100 percent of design equivalent speed in 20- percent increments. 
These operating points resulted in a range of blade- jet speed ratios from 
0.05 to 0.32. Figure 5(a) shows total efficiency against blade- jet speed 
ratio for operation in nitrogen. Turbine efficiencies based on total 
pressures at the inlet and exit were computed because in a multistage tur- 
bine the kinetic energy at the exits of all stages except the last is 
available to the next stage. The points plotted represent five pressure 
ratios but fall in a single curve within the accuracy of measurements 
made. This curve indicates a total efficiency of about 0.67 at the design 
first-stage blade- jet speed ratio of 0.284. This efficiency is somewhat 
lower than the efficiency used in the design, 0.69, to compute velocity 
diagram parameters and flow areas. 

Figure 5(b) shows total efficiency plotted against blade- jet speed 
ratio for operation in hydrogen at three pressure ratios and speeds of 
20, 40, 60, 80, 90, and 100 percent of design speed. Fewer points are 
shown here because of the reasons noted previously, and this figure 
serves to confirm the levels of efficiency measured in nitrogen. The 
curve on the figure is the curve shown on figure 5(a) faired through the 
nitrogen data. The points fall slightly above the curve in the low range 
of blade- jet speed ratio and agree well with the curve near the design 
value. 


Figure 6 is a map of turbine performance determined from operation 
in nitrogen and presented in terms of equivalent specific work &h*/9 cr 


and weight -flow- speed parameter 


wN € 

IT c 


for contours of constant total-to- 


st at ic pressure ratio, equivalent speed, and total efficiency. This 
composite plot was selected to show turbine performance because all im- 
portant variables are plotted. It is possible, therefore, to easily 
observe the simultaneous variation in the performance parameters as pres- 
sure ratio and/or speed are varied. It may be noted that blade- jet speed 
ratio lines would, if plotted, radiate from the origin just as the 
efficiency contours do, since each efficiency contour approximately rep- 
resents a single value of blade- jet speed ratio. Two points of interest 
are shown in the figure. The first point is simply the point with coor- 
dinates corresponding to the design values of specific work, weight flow, 
and speed. The experimentally determined design speed line lies to the 
right of this point because the turbine passed 4 percent more than design 
weight flow at design speed and pressure ratio. 


The second point is the point at which design velocity diagrams are 
most nearly approached, and has a blade- jet speed ratio of 0.284, the 


design value. This point is more important from a research standpoint 
hecause it establishes the efficiency level obtained at design aerodynamic 
operation. It occurs to the right of the first point because of the excess 
weight flow. The variation in weight flow with pressure ratio is indi- 
cated by the slope of the design speed line in figure 6 and is shown di- 
rectly in figure 7 where equivalent weight flow is plotted against pres- 
sure ratio for several speeds. This figure is a cross plot of measured 
weight flows plotted against speed and was used in the preparation of 
figure 6. The design point lies well below choking weight flow on the 
design speed line because of the subsonic velocities used in the design. 


Two- Stage Operation 

Figure 8(a) shows the variation in total efficiency with blade- jet 
speed ratio for two-stage operation in nitrogen. Data plotted were ob- 
tained at six pressure ratios and a speed range of 20 to 120 percent of 
design equivalent speed. The curve faired through all data points falls 
below the design point with a value of about 0.65 at the design blade- jet 
speed ratio of 0.208. Two-stage efficiency was therefore 0.02 less than 
first-stage efficiency when operating at the design blade-jet speed ratios. 
This drop in efficiency was accompanied by a change in equivalent weight 
flow, indicating that the first stage was no longer operating at its 
design pressure ratio. The following table summarizes first-stage and 
two-stage performance at design speed and pressure ratios. 


Parameter 

First- stage 
operation 

Two- stage 
operation 

Pressure ratio, Pp/P e (design) 

1. 326 

1. 730 

Blade-jet speed ratio, v (design) 

0.284 

0. 208 

Equivalent weight flow, >/^cr lb/sec 

5 

0. 384 

0. 375 

Equivalent specific work, Ah ! /8 cr , Btu/lb 

5.67 

10. 94 

Total efficiency, r\ 

0.67 

0.65 


The weight flow obtained with two stages at design speed and pres- 
sure ratio was used with working plots of weight flow, speed, work, pres- 
sure ratio, and efficiency to determine the operating point of the first 
stage as part of the two-stage unit at design speed and pressure ratio. 
The first- stage performance figures thus obtained were used with overall 
performance to determine the operating point of the second stage. The 
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following table shows performance values for both stages when operating 
together at design speed and overall total-to- static pressure ratio, with 
9 cr , 5, and e referenced to the inlet of the first stage: 


Parameter 

First stage 

Second stage 

Pressure ratio, p'. /p 
i e 

1.299 

1. 353 

Blade- jet speed ratio, v 

0.296 

0.283 

V \/ 0 , 

Equivalent weight flow, e, lb/sec 

5 

0. 375 

0. 375 

Equivalent specific work, Ah'/9 cr , Btu/lb 

5.63 

5.31 

Total efficiency, q 

0.68 

0.61 


The difference in "blade-jet speed ratios between the first and sec- 
ond stage could account for a difference of about 0.017 in efficiency 
from aerodynamic loading considerations according to the curve of figure 
5. The remaining 0.05 difference in efficiency must therefore result 
from the difference in stator operation, since the rotor blading and 
clearances were essentially the same for both stages. 

A comparison of first and second stator losses made with two-stage 
performance data showed that losses in the second stator were approxi- 
mately twice as great as those in the first. Reference 9 relates turbo- 
machine losses to boundary- layer characteristics, and in figure 11 of the 
reference momentum thickness is shown as a function of blade row reaction 
with reaction defined as 1 - (V./v ). The reference also relates blade 
row loss to momentum thickness and Blade row geometry. The first and sec- 
ond stators of the eight-stage turbine have reaction values of 0.78 and 
0.55, respectively, and these result in momentum thicknesses that were 
used with blade geometry to estimate blade losses. The estimates based 
on boundary- layer characteristics also show that second stator losses 
are approximately twice as great as first stator losses. This indicates 
that the difference between first and second stator performance is largely 
the result of the difference in blade row reaction. 

Other differences in stator operation that also contributed to the 
greater losses in the second stator were incidence and interstage seal 
leakage. Measurements of exit flow angle made near design speed and pres- 
sure ratio indicate that the second stator had an inlet incidence angle 
of about 5. 5°. At the kinetic-energy level existing, this could account 
for a loss of only 0.006 in efficiency, assuming that the kinetic energy 
of the stator- inlet velocity component normal to the blade leading edge 
would be lost. The other factor that may adversely affect second stator 
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performance is leakage across the interstage seal, which permits part of 
the flow to bypass the stator passage and reenter the turbine at the inner 
wall between the second stator and second rotor. The seal clearance area 
was about 4 percent of the stator throat area with the same pressure dif- 
ferential as the stator, so the leakage loss should have been well under 
0.03 in efficiency, depending on the effectiveness of the labyrinth. 

Figure 8(b) shows total efficiency against blade- jet speed ratio for 
two- stage operation in cold hydrogen with the nitrogen curve from figure 
8(a) plotted. The agreement between hydrogen and nitrogen data is good 
over the entire range of blade- jet speed ratio. 

Figure 9 shows a map of turbine performance for operation of the 
first two stages in cold nitrogen. The point representing design aero- 
dynamic operation, at design speed and pressure ratio, lies to the right 
and below the point of design equivalent specific work and design weight- 
flow- speed parameter. This occurs because of the excess weight flow and 
the lower-than-design efficiency. The weight flow in this case was 1.6 
percent above the design value, while the efficiency was 0. 65 compared 
with the design value of 0.695. The design operating points on the per- 
formance map are located in a region of relatively large gradients in all 
parameters shown. This results from the low subsonic velocity levels in 
the early stages of the turbine and the efficiency variation in the low 
range of blade-jet speed ratio. It indicates an appreciable range in 
operation, since design operation is not near limiting loading of the 
blade rows. It may be noted, however, from the velocity diagram para- 
meters shown in table I that the critical velocity ratios increase pro- 
gressively, stage by stage, through the turbine so that the margin be- 
tween design operation and limiting loading is progressively smaller. 

The fact that experimentally determined efficiencies were lower than 
design efficiency means that this margin between design specific work and 
limiting work will be reduced still further in the latter stages. 

The variation in total efficiency with blade- jet speed ratio for two- 
stage operation with the interstage seal clearance area reduced by one 
third is shown in figure 10. Data recorded for operation in nitrogen 
and hydrogen agree well over the entire range of blade- jet speed ratio. 

No difference in performance between the two seal geometries could be 
detected; this indicated that seal leakage losses could not be large. 

This result was expected because the decrease in clearance area amounted 
to only 1.3 percent of the second-stage throat area. The initial seal 
leakage must have been less than the areas indicated with negligible 
secondary effects, and therefore the difference between first- and 
second-stage efficiencies must be largely due to the differences in sta- 
tor operation. 
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Examination of the turbine parts after operation with the original 
seal configuration indicated that rubbing had occurred between the laby- 
rinth seal disk and the aluminum oxide coating on the inner diameter of 
the second stator with no damage to either part. A small clearance, such 
as that specified in the design of this seal, may therefore be used safely 
with an abrasive material on the stationary surface. 

Testing of all three configurations showed no significant differences 
between performance in hydrogen and performances in nitrogen. This result 
was also observed in the investigation reported in reference 8, wherein 
two single-stage turbines were also tested in cold hydrogen and cold 
nitrogen. 


SUMMARY OF RESULTS 

An investigation was conducted to provide design information for 
turbines of the type required for the turbopump system of a hydrogen- 
propelled nuclear rocket. Performance characteristics of the first two 
stages of an eight-stage turbine for this application were obtained ex- 
perimentally in cold nitrogen and in cold hydrogen to establish the ef- 
fects of fluid properties on turbine performance. Results of this inves- 
tigation may be summarized as follows: 

1. Total efficiency of the first stage was 0.67 when operating alone 
at its design blade- jet speed ratio of 0.284. Measured equivalent weight 
flow was 4 percent higher than the design value. 

2. Total efficiency obtained for operation of the first two stages 
was 0.65 at the design blade- jet speed ratio of 0.208. The equivalent 
weight flow for two-stage operation was 1.4 percent above the design 
value. 


3. Calculations made with two- stage performance data at design opera- 
tion showed that the first-stage efficiency was 0.68, second efficiency 
was 0. 61, and that the difference resulted largely from boundary- layer 
losses in the stators. The second stator losses were approximately twice 
as large as first stator losses according to experimental performance 
data and also according to estimated losses based on boundary- layer 
calculat ions . 

4. Tests made with a one-third reduction in interstage seal leakage 
area showed no measurable difference in efficiency, so seal leakage losses 
must have been small. 

5. Operation in hydrogen and nitrogen showed no significant differ- 
ences between the two gases in the levels of efficiency obtained. 
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6. It was found that rubbing occurred with material removed from 
labyrinth rings by abrasive with no damage to either part. It was con- 
cluded therefore that seal clearances of 0.003 to 0.004 inch may be safely 
used with an abrasive coating on the side opposite the labyrinth. 


Lewis Research Center 

National Aeronautics and Space Administration 
Cleveland^ Ohio, February 7, 1961 
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Figure X. - Cross-sectional views of turbine through axis of rotation and blade rows through mean sections 
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(a) Test facility. 
Figure 4. - Test equipment. 
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Figure 5. - Turbine total efficiency variation for operation of first stage. 
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(b) In cold hydrogen. 

Figure 5. - Concluded. Turbine total efficiency variation for operation of first stage. 


i 


1 


Equivalent specific work, Ah’/e cr , Btu/lb 




Figure 6. - Performance of' first stage of eight-stage turbine in nitrogen. 
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Figure 8. - Turbine total efficiency variation for operation of first two stages 
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Figure 8. - Concluded. Turbine total efficiency variation for operation of 
first two stages. 
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Figure 10. - Turbine total efficiency variation for operation of first two 
stages with modified interstage seal. 
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Blade-jet speed ratio, v 
(b) In cold hydrogen. 

Figure 10. - Concluded. Turbine total efficiency variation for operation of 
first two stages with modified interstage seal. 
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